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Defects in the endoplasmic reticulum (ER) membrane shaping and interaction with other
organelles seem to be a crucial mechanism underlying Hereditary Spastic Paraplegia
(HSP) neurodegeneration. REEP1, a transmembrane protein belonging to TB2/HVA22
family, is implicated in SPG31, an autosomal dominant form of HSP, and its interaction
with Atlastin/SPG3A and Spastin/SPG4, the other two major HSP linked proteins, has
been demonstrated to play a crucial role in modifying ER architecture. In addition,
the Drosophila ortholog of REEP1, named ReepA, has been found to regulate the
response to ER neuronal stress. Herein we investigated the role of ReepA in ER
morphology and stress response. ReepA is upregulated under stress conditions and
aging. Our data show that ReepA triggers a selective activation of Ire1 and Atf6
branches of Unfolded Protein Response (UPR) and modifies ER morphology. Drosophila
lacking ReepA showed Atf6 and Ire1 activation, expansion of ER sheet-like structures,
locomotor dysfunction and shortened lifespan. Furthermore, we found that naringenin, a
flavonoid that possesses strong antioxidant and neuroprotective activity, can rescue the
cellular phenotypes, the lifespan and locomotor disability associated with ReepA loss
of function. Our data highlight the importance of ER homeostasis in nervous system
functionality and HSP neurodegenerative mechanisms, opening new opportunities for
HSP treatment.
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INTRODUCTION

Receptor expression-enhancing protein 1 (REEP1) is an endoplasmic reticulum (ER) resident
protein involved in the SPG31 form of Hereditary Spastic Paraplegia (HSP), a neurodegenerative
disorder affecting motoneurons. In vitro and in vivo studies confer to REEP1 a role in different
ER related pathways. REEP1 modifies ER architecture, is implicated in ER stress response and
finally has a role in Lipid Droplet (LD) biogenesis (Park et al., 2010; Beetz et al., 2013; Björk et al.,
2013; Appocher et al., 2014; Falk et al., 2014; Lim et al., 2015; Renvoisé et al., 2016). The ER is a
dynamic organelle characterized by a complex interconnected system of endomembranes, tubules,
and sheets. ER sheets are cisternal structures with two closely apposed membranes localized in the
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perinuclear region, while ER tubules form a reticular network
in both perinuclear and peripheral regions (Chen et al., 2013;
Goyal and Blackstone, 2013). ER architecture is created and
maintained thanks to a continuous process of membrane
remodeling, governed by homotypic fusion events, tubulation,
and curvature rearrangements. Different families of membrane-
shaping proteins are part of this complex regulation (De Craene
et al., 2006; Hu et al., 2008; Orso et al., 2009). Some of the
major players of ER-shaping are also involved in HSP disease.
REEP1 and Reticulon 2 are two of the main ER-shaping proteins
involved in HSP (in SPG31 and SPG12 respectively), and due to
their particular topology, are supposed to induce high membrane
curvature of the ER, a process facilitated by cytoskeleton changes
(Park et al., 2010; Beetz et al., 2013; Wang and Rapoport, 2019).
On the other hand, Spastin, an ATPase protein mutated in 40%
of HSP patients, is involved in the disassembly and remodeling of
neuronal microtubules and participates in the maintenance of ER
integrity together with REEP1, Atlastin1 and Reticulon 2 (Evans
et al., 2006; Sanderson et al., 2006).

ER homeostasis is another important cellular mechanism that
participates in ER remodeling. REEP1 is also required in the
activation of cellular response in Drosophila neuronal ER stress,
but the molecular mechanism has not been investigated yet. ER
stress is activated by various stimuli, including those of cellular
redox regulation or by the accumulation of unfolded proteins
in the ER, triggering an evolutionarily conserved pathway,
known as unfolded protein response (UPR) (Gumeni et al.,
2017). UPR is regulated by three major ER proteins (or ER
stress sensors): inositol-requiring protein 1 (IRE1), pancreatic
eukaryotic translation initiation factor 2α (eIF-2α) kinase (PERK)
and activating transcription factor 6 (ATF6) (Inagi et al., 2014;
Gumeni et al., 2017). In physiological conditions, all three
effectors bind to the 78 kDa ER chaperone glucose-regulated
protein/binding immunoglobulin protein (GRP78/BIP) on their
luminal domains (Moreno and Tiffany-Castiglioni, 2015).
During ER stress, ATF6 is activated after being cleaved, whereas
PERK and IRE1 are activated by self-transphosphorylation
(Scheper and Hoozemans, 2015). ATF6 is imported into the
nucleus to induce the expression of protein quality control genes,
while PERK activates the ubiquitous translation initiation factor
eIF2α to upregulate genes involved in redox control, metabolism
and folding, and mediates transient inhibition of most protein
through ATF4 (Scheper and Hoozemans, 2015). The third UPR
sensor, IRE1, alternatively splices inactive X box-binding protein
1 (XBP1) mRNA, producing active spliced XBP1 (sp-XBP1)
(Tsaytler et al., 2011), which also controls the expression of
several genes encoding for chaperons or involved in endoplasmic
reticulum associated protein degradation (ERAD) (Yoshida et al.,
2001; Calfon et al., 2002; Credle et al., 2005). UPR is highly
conserved among species, also in Drosophila melanogaster (Hetz,
2012). Increased protein synthesis requires the expansion of the
ER membrane network, thus associating UPR and ER membrane
extension (Mandl et al., 2013). However, another study indicates
that ER membrane expansion and generation of new ER sheets
could act as a stress alleviating response independently of UPR
activation, suggesting that ER expansion is an integral part of an
effective UPR (Schuck et al., 2009).

Dysregulation of ER homeostasis is also involved in metabolic
processes, like gluconeogenesis and lipid synthesis. Lipids, such as
fatty acids, are essential components of the cellular membranes
and act as signaling molecules. UPR activation results in
increased expression of lipogenic markers and promotes LD
formation, whereas the loss of LD formation up-regulates UPR
response. Also, LDs are believed to work as a temporary depot
for proteins destined for degradation (Shyu et al., 2018), thus
suggesting a strong correlation between UPR and LD formation.
REEP1 has been shown to localize or affect LD turnover in cells
and murine models with lipodystrophy (Belzil and Rouleau, 2012;
Tan et al., 2014).

In the last years, flavonoids have gained growing interest
as therapeutic targets, mostly due to their health-promoting
properties, and have been largely investigated on cell survival and
stress response pathways. Specifically, several studies highlight
the role of flavonoids in the oxidative stress responses and
particularly on ER stress (Zhang and Tsao, 2016; Yu et al.,
2019; Zeng et al., 2019). Among the different flavonoids,
naringenin, a flavanone with estrogenic and anti-estrogenic
activities, which is mainly extracted from citrus fruits, displays
several biological properties such as antioxidant, antitumoral,
antiviral, antibacterial, anti-inflammatory, anti-adipogenic,
cardio-protective and neuro-protective activity (Gao et al.,
2006; Salehi et al., 2019). In the last 3 years, several works
focused on the beneficial effects of naringenin on neuronal
development, maintenance and functionality (Hegazy et al.,
2016; Wang et al., 2017, 2019). In this study, we used Drosophila
melanogaster to study REEP1-related HSP disease effects on ER
homeostasis. Our data show that the Drosophila ortholog ReepA
plays an evolutionary conserved function in ER remodeling
and the absence of ReepA in flies leads to the activation of two
specific branches of UPR pathway, Ire1 and Atf6, and finally
induces aging phenotypes. Moreover, naringenin administration
restores ER homeostasis, climbing capacity and lifespan defects
of ReepA mutant.

MATERIALS AND METHODS

Fly Strains and Materials
Fly stocks were raised on standard medium (yeast 27 g/l, agar
10 g/l, cornmeal 22 g/l, molasses 66 ml/l, nipagin 2.5 g/l,
12.5 ml/l ethanol 96%) and in standard conditions at 25◦C and
12:12 h light:dark cycle. The Drosophila strains used are shown in
Table 1. ReepA+C591 was used as a genetic background control.
ReepA−541 mutant and ReepA+C591 flies were maintained on
standard food at 25◦C and Gal4/UAS crossings were performed
at 28◦C. All reagents, antibodies and compounds are listed
in Table 2.

Generation of Constructs/Transgenic
Flies
Full-length H-REEP1 cDNA (606 bp) was previously
obtained from HeLa cells RNA extract followed by
PCR reaction and cloned in the pUAST plasmid. The
ReepAE cDNA (867 bp) was obtained from Drosophila

Frontiers in Neuroscience | www.frontiersin.org 2 November 2019 | Volume 13 | Article 1202

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01202 November 16, 2019 Time: 13:6 # 3

Napoli et al. Naringenin Rescues ReepA Mutant Phenotypes

TABLE 1 | List of fly stocks used.

Genotype Source References RRID

ReepA−541/ReepA−541 O’Kane CJ (Department of Genetics, University
of Cambridge, Cambridge, United Kingdom)

Yalçın et al., 2017 RRID:DGGR_123207

ReepA+C591/ReepA+C591 O’Kane CJ (Department of Genetics, University
of Cambridge, Cambridge, United Kingdom)

Yalçın et al., 2017

UAS ReepAE myc Generated in our laboratory See section Materials and Methods

UAS H-Reep1 Generated in our laboratory See section Materials and Methods

UAS HNEU-GFP Generated in our laboratory Kassan et al., 2013 See section
Materials and Methods

Tubulin-Gal4 Bloomington RRID:BDSC_5138

TABLE 2 | List of reagents and compounds used.

Reagent Source RRID Catalog number Batch number

Tunicamycin Sigma-Aldrich T7765 078M4017V

Ethanol Carlo Erba Reagents 308640 V9A122089B

Naringenin Sigma-Aldrich W530098 MKBW8466

Hydroxylpropyl-β-cyclodextrin Sigma-Aldrich H107 WXBC6699

Sucrose Applichem A 1125 R14248

Trizol Euroclone EMR507100 062117

Direct-Zol TM RNA MiniPrep kit Zymo Research, Tustin, CA, United States R2052 ZRC202785

One Step SYBR Prime Script TM RT-PCR Kit II Takara-Clontech RR066A AIG1932A

GRS FullSample purification kit Grisp Research Solutions GK26.0050 7E30114A

Bradford proteins quantification kit Sigma-Aldrich B6916 SLBP3810V

Laemmli buffer Sigma-Aldrich S3401 SLBC5254V

Tween 20 Sigma-Aldrich P1379 044K0139

Rabbit anti-phospho eIF2aS1 Abcam RRID:AB_732117

Mouse anti-α-tubulin Sigma-Aldrich RRID:AB_477593

Goat anti-rabbit immunoglobulins HRP DakoCytomation RRID:AB_2617138

Rabbit anti-mouse immunoglobulins HRP DakoCytomation RRID:AB_2687969

Triton X-100 Sigma-Aldrich X100 SLBC2688V

RNA extract and cloned in the pUAST plasmid. UAS-
HNEU-GFP fly line was generated by cloning HNEU-GFP
(Kassan et al., 2013) in pUASTattB, and transgenic lines
were generated by BestGene Inc service (Chino Hills,
CA, United States).

Drosophila Drug Treatments
Tunicamycin (Sigma-Aldrich, MO, United States), previously
dissolved in ethanol (Carlo Erba Reagents, Milan, Italy),
and naringenin complexed with hydroxypropyl-β-cyclodextrin
(Sigma-Aldrich, MO, United States) in a mole ratio of 1:1, were
added to standard Drosophila food at the final concentration of
0.024 mM and 0.5 mM respectively.

Starvation Assay
For the starvation assay, third instar larvae were individually
selected and placed in Petri plates containing a solution of 20%
sucrose (Applichem, Ottoweg, D, Germany) in PBS for 4 h.

RNA Extraction and Real-Time PCR
The relative expression levels of Bip, Xbp1 total, Xbp1 spliced,
Ldh, Atf4, Gp93, Hrd3, Herp, ReepA were determined using
quantitative real-time PCR. Total RNA was isolated from 5 third

instar larvae and was extracted by Trizol reagent (Euroclone,
Pero, MI, Italy), and purified using Direct-Zol TM RNA
MiniPrep kit according to the manufacturer’s instructions (Zymo
Research, Tustin, CA, United States). The concentration and
purity of RNA samples were determined using a NanoDrop
2000c spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, United States). Real-time PCR (qPCR) was performed
on Eco Real-Time PCR System (Illumina Inc, San Diego, CA,
United States), using One-Step SYBR R© Prime Script TM RT-
PCR Kit II (Takara-Clontech, Kusatsu, Japan) as in Castellani
et al. (2016). The real-time PCR cycling conditions were:
reverse transcription 50◦C for 15 min, polymerase activation
95◦C for 2 min, followed by 40 cycles of 95◦C for 15 s,
60◦C for a 1 min; melting curve 95◦C for 15 s, 55◦C
for 15 s and 95◦C for 15 s for all target genes. The
housekeeping Rp49 gene was used as an internal control to
normalize the data. Relative mRNA expression levels were
calculated by the threshold cycle (Ct) value of each PCR
product and normalized using a comparative 2−11Ct method
(Fantin et al., 2019). Data represented are the result of five
independent biological replicates. Each biological sample was
loaded in triplicate. The gene-specific primers used are shown
in Table 3.
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TABLE 3 | List of primer sequences used in Real Time PCR experiments.

Gene Primer sequence

Bip(Hsc3) Fw: 5′-GATTTGGGCACCACGTATTCC-3′

Rv: 5′-GGAGTGATGCGGTTACCCTG-3′

Xbp1 total Fw: 5′-TCTAACCTGGGAGGAGAAAG-3′

Rv: 5′-GTCCAGCTTGTGGTTCTTG-3′

Xbp1 spliced Fw: 5′-CCGAACTGAAGCAGCAACAGC-3′

Rv: 5′-GTATACCCTGCGGCAGATCC-3′

Atf4 Fw: 5′-TGCGAGTCTCAGGCG TCTTCATCTT-3′

Rv: 5′-CTGCTCGATGGTTGTAGGAGCTGG-3′

Ldh Fw: 5′-GTGTGACATCCGTGGTCAAG-3′

Rv: 5′-CTACGATCCGTGGCATCTTT-3′

Gp93 Fw: 5′-TACCTGAGCTTCATTCGTGGCGTCG-3′

Rv: 5′-GCGGACCAGCTTCTTCTTGATCACC-3′

Hrd3 Fw: 5′-GCTGTGAGAAGGCGCTGATCCACTA-3′

Rv: 5′-CCAGCAGTCTTACCCGATGCACAAC-3′

Herp Fw: 5′-CTTACGCGCAGTACATGCAGCAGTT-3′

Rv: 5′-CAGCTGCTCCTGCCACTTGTTGTAC-3′

ReepA (s,p,j,h,g,e) Fw: 5′-ATGATCAGCAGCCTGTTTTC-3′

Rv: 5′-CAGTACATCATTCATTTAACATATTC-3′

Rp49 Fw: 5′-AGGCCCAAGATCGTGAAG AA-3′

Rv: 5′-TCGATACCCTTGGGCTTGC-3′

Lifespan Assay
For lifespan assay, control ReepA+C591 and ReepA−541 mutant
flies were collected after hatching and raised on standard medium
or 0.5 mM naringenin enriched food at 25◦C in a 12:12 h light-
dark cycle. Flies were kept in groups of 20 individuals and were
maintained in a Drosophila vial. Flies were transferred to a fresh
medium every 3 days and death events were scored daily. The
experiment was repeated ten times for each genotype.

Climbing Assay
For climbing assays, 30 flies for each genotype were collected after
hatching and were transferred twice a week to tubes containing
fresh standard or 0.5 mM naringenin enriched food. Climbing
capability was tested six times along the life of these flies (5, 10,
15, 20, 25 and 30 days).

Drosophilae were placed in an empty plastic vial with a line
drawn 2 cm from the bottom of the tube and allowed to recover
from anesthesia for 1 h. Flies were gently tapped to the bottom
of the tube and the number of flies above the 2 cm mark at
20 s was recorded as a percentage of flies able to climb the
vial. Ten separate and consecutive trials were performed and the
results were averaged. The experiment was repeated 10 times
for each genotype.

Western Blotting
For western blots, total proteins were obtained from 10 adult
flies using GRS FullSample purification kit (Grisp, Research
solutions, Porto, Portugal). The protein levels were quantified
using the Bradford proteins quantification kit (Sigma-Aldrich,
MO, United States). Each sample was diluted 1:2 with standard
2X Laemmli buffer (Sigma-Aldrich, MO, United States), boiled
for 5 min a 95◦C and 20–25 mg of proteins were separated on 5%
stacking-10% separating SDS polyacrylamide gels. The resolved

proteins were transferred electrophoretically to polyvinylidene
difluoride (PVDF) membrane as described before (Di Francesco
et al., 2015). Membranes were blocked in 10% non-fat dried
milk in Tris-Buffer Saline and 0.1% Tween 20 (Sigma-Aldrich,
MO, United States) (TBST) as in Floreani et al. (2012) and
were incubated using primary antibody rabbit anti-phospho
eIF2aS1 (1:1000, ab32157, Abcam, Cambridge, United Kingdom)
overnight at 4◦C. Mouse anti-α-tubulin (1:2000, T9026, Sigma-
Aldrich, St. Louis, MO, United States) was used as loading
control. Secondary polyclonal goat anti-rabbit and anti-mouse
immunoglobulins HRP (1:2000, DakoCytomation, Glostrup,
DK) were used in all cases. The protein bands were detected
using the C400 Azure chemiluminescence biosystem (Aurogene,
Rome, Italy) and band densities were quantified with ImageJ
Fiji 1.52 software. The ratio of the target protein to α-Tubulin
was recorded and analyzed. At least three independent biological
replicates were used for each genotype and condition.

Immunohistochemistry
Third instar larvae raised at 25◦C or 28◦C were harvested,
dissected in HL3, fixed in 4% paraformaldehyde for 10 min,
washed in PBS containing 0.3% Triton X-100 (Sigma-Aldrich,
MO, United States) and mounted on glass slides using Mowiol
4-88 as reported in Mushtaq et al. (2016). For live imaging,
larvae were dissected in HL3 and acquired as described previously
(D’Amore et al., 2016). All confocal images were acquired using
a confocal microscope (Nikon D-ECLIPSE C1) equipped with a
Nikon 60x/1.40 oil Plan Apochromat objective using the Nikon
EZ-C1 acquisition software as described in Caputi et al. (2017).

Measure of ER Morphology
For ER morphological analysis, muscles of ten third instar
larvae were quantified and analyzed with ImageJ Fiji 1.52
software. All quantitative analyses were performed on muscle
6/7 of abdominal segment A3. Fluorescence intensities were
measured on maximum projections of confocal stacks (step size
0.55 µm) taken with a Nikon 60x/1.40 oil Plan Apochromat
objective using the Nikon EZ-C1 acquisition software. For each
sample, three Region of Interest (ROI) with a range of 800–
1000 µm2 were analyzed.

To quantify cisterna-like structures, an 8-bit ER image was
requested. The image was processed with a manual threshold.
Threshold values were 80–255 to eliminate the intensity
distortion and 40–255 to preserve the continuity of tubules.
Then a binary and open image was created and processed by
erosion (subtract pixels) and dilation (add pixels) commands of
ImageJ software. In the binary and opened image, tubules were
eliminated and cisterna-like structures were isolated. The sheet-
like structures were analyzed with Analyze Particle tool and their
number and size were quantified (Griffing, 2018).

Statistical Analysis
Statistical analysis was performed with Microsoft Office Excel
2013 software and Prism version 6.00 for Windows (GraphPad
Software, La Jolla, CA, United States). Survival data were
analyzed using the log-rank test (Mantel-Cox method).
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Significance was calculated using one-way analysis of variance
(ANOVA) followed by Dunnett’s or Tukey’s multiple comparison
test. Student’s t-test for unpaired variables (two-tailed) was used
for real-time PCR in young and old flies (Figure 2B) and
in climbing assay in Figure 2D. Differences were considered
statistically significant at p < 0.05(∗) and p < 0.01(∗∗) and
p < 0.001(∗∗∗). Data are presented as means and bars are s.e.m.
(standard error of the mean).

RESULTS

ReepA Regulates ER Morphology
REEP1 homologs are ER-resident proteins implicated in ER
remodeling (Beetz et al., 2013; Zheng et al., 2018). To evaluate

the function of Drosophila ReepA (firstly named DREEP1
in Appocher et al., 2014) in ER membrane shaping, we
analyzed ER structure in Drosophilae overexpressing ReepA
isoform E (here reported as ReepAE), which shows the
highest homology with human REEP1. REEP1 humanized flies
obtained by overexpressing REEP1 human gene, were also
analyzed to identify possible conservation of the REEP1 function
(Supplementary Figure 1). Besides the gain-of-function lines, we
analyzed the ReepA−541 Drosophila null mutant (Yalçın et al.,
2017) for loss-of-function phenotypes. Two of the most used
ER markers in Drosophila are Lys-GFP-KDEL (Frescas et al.,
2006) and BiP–sfGFP–HDEL (Summerville et al., 2016). Lys-
GFP fails to recognize the complexity of ER and discriminate
tubules and cisternae (Supplementary Figure 2). On the other
hand, BiP–sfGFP–HDEL, defines better the ER structures but

FIGURE 1 | In vivo ubiquitous expression of ER-marker HNEU-GFP in Drosophila melanogaster ReepA model. (A) Representative confocal images of larval muscle
6/7 of abdominal segment A3 of control (ReepA+C591/ReepA+C591; Tubulin-Gal4/UAS HNEU-GFP), ReepA−541 mutant (ReepA−541/ReepA−541; Tubulin-Gal4/UAS
HNEU-GFP), ReepAE (UAS ReepAE myc/+; UAS HNEU-GFP, Tubulin-Gal4/+) and HREEP1 (UAS HREEP1/UAS HNEU-GFP, Tubulin-Gal4) larvae, expressing
ubiquitously UAS HNEU-GFP. Scale bar = 10 µm. Quantification of cisterna-like structures number (B) and size (C) of ER-marker HNEU-GFP. Significance was
calculated using one-way ANOVA followed by Dunnett’s multiple comparison test. Significance vs. ctr. (∗∗∗P < 0.001). The bars indicate s.e.m., n = 10 larvae.
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FIGURE 2 | Loss of ReepA reduces Drosophila longevity and flies’ climbing activity. (A) ReepAE relative gene expression in control (ReepA+C591/ReepA+C591) larvae
raised on standard, TM 0.024 mM enriched food, or on starvation conditions. Significance was calculated using one-way ANOVA followed by Dunnett’s multiple
comparison test. Significance vs. ctr. (∗∗P < 0.01; ∗∗∗P < 0.001). The bars indicate s.e.m., n = 5. (B) ReepAE relative gene expression in young (1 day) and old
(30 days) control (ReepA+C591/ReepA+C591) flies raised on standard food. Significance was calculated by using two-tailed T-test, ∗∗P < 0.01. The bars indicate
s.e.m., n = 5. (C) Lifespan in control (ReepA+C591/ReepA+C591) and ReepA−541 mutant (ReepA−541/ReepA−541) raised on standard food. Significance was
calculated by using the log-rank Mantel-Cox test, P-value: ∗∗∗P < 0.001. The bars indicate s.e.m., n = 10 (30 flies for each vial). (D) Climbing activity in control
(ReepA+C591/ReepA+C591) and ReepA−541 mutant (ReepA−541/ReepA−541) raised on standard food and tested at 0, 5, 10, 15, 20, 25, 30, and 35 days.
Significance was calculated by using two tailed T-test, P-value: ∗P < 0.05. The bars indicate s.e.m., n = 10 (20 flies for each vial).

it resulted lethal at the pupal stage when expressed with
drivers as Elav-Gal4 and Mef2-Gal4 and at the larval stage if
expressed with Tubulin-Gal4 driver (Supplementary Figure 3).
Therefore, we used a recently published ER marker (HNEU-
GFP) to visualize ER structure complexity (Forgiarini et al.,
2019). The expression of HNEU-GFP transgene is not lethal,
also with strong drivers and at relatively high temperatures
(28–29◦C), allowing us to distinguish the tubule and sheet-like
structure of Drosophila muscles in both living and fixed samples
(Supplementary Figure 4).

To quantify the ER defects we ubiquitously expressed UAS
HNEU-GFP with Tubulin-Gal4 driver and we followed the
protocol described by Griffing (2018). The total area of the ER
cisternae was measured along the muscle stacks and quantified as
specified in methods section. Both the ubiquitous overexpression
of ReepA and HREEP1 and its absence in ReepA−541 induced
evident morphological alteration of ER architecture, as shown by
the HNEU-GFP marker profile (Figures 1A–C). In ReepA−541

mutant, the cisterna-like structures were increased and peripheral
tubular ER tended to lose its complexity (Figure 1A). On
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the contrary, the ubiquitous expression of ReepAE induced
a reduction of cisternae (Figures 1A–C), thus implying a
direct role of ReepA on Drosophila ER structure modulation.
Interestingly, the overexpression of human REEP1 led to a
reduction of cisternal structures, a phenotype similar to that of
ReepAE overexpression, suggesting high conservation of Reep1
function in ER remodeling. Therefore, our data confirmed that
Drosophila ReepA, similarly to its ortholog REEP1, mediates ER
membrane shaping.

ReepA Is Required During Aging and
Stress
A functional screening performed in Drosophila melanogaster
demonstrated that ReepA promotes neuronal resistance to
ER stress and prevents Tau toxicity (Appocher et al., 2014).
Neuronal resistance was tested in adult flies against heat-
shock stress and tunicamycin (TM) treatment, identifying ReepA

as a new modulator of cellular response to stress. In spite
of this, the molecular mechanism remains still unclear. To
better understand the role of ReepA under stressors stimuli
we first evaluated the transcript expression levels of ReepAE

after TM chronic treatment or starvation (Appocher et al.,
2014; Lindström et al., 2016). Therefore, we compared ReepAE

transcription levels of stressed wild type larvae versus untreated
flies. Our analysis showed that ReepAE was upregulated during
starvation similarly (but less effective) to TM chronic feeding
treatment (Figure 2A). We thus deeply investigated the role
of ReepA during aging. We tested the expression level of
ReepAE in young versus old wild-type adult flies. Adult-aged
flies (30 days) expressed higher levels of ReepAE compared to
1-day flies (Figure 2B), suggesting an upregulation of ReepA
during the adult lifespan. Furthermore, we found that ReepA−541

null mutant flies displayed a significant reduction of lifespan
(Figure 2C) and climbing ability (Figure 2D), reinforcing the
hypothesis that ReepA is required during aging processes.

FIGURE 3 | ReepA alters the expression levels of genes involved in Ire1/Xbp1, Atf6 and Perk-Atf4 pathways. (A) Schematic representation of the three branches of
UPR: PERK, IRE1α, and ATF6. Boxes show the genes considered in our analyses. Relative mRNA expression levels of Bip (B), Xbp1 t and Xbp1 s (C); Gp93, Hrd3
and Herp (D); Ldh and Atf4 (E) in control (ReepA+C591/ReepA+C591) and ReepA−541 mutant (ReepA−541/ReepA−541) larvae raised on standard food or TM
0.024 mM enriched medium. Significance was calculated by using one-way ANOVA with Tukey’s post hoc test. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. The bars
indicate s.e.m., n = 5.
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Our data confirmed a crucial role of ReepA in aging and
stress conditions.

ReepA Mutant Flies Triggered a Selective
Activation of Atf6 and Ire1 Branches
To elucidate the molecular mechanism underlying ReepA
function in cellular stress we tested the effects of the loss of ReepA
on UPR response, one of the main cellular signaling activated in
case of ER stress (Figure 3A) (Rutkowski and Kaufman, 2007;
Mandl et al., 2013). We thus measured the activation of the
three main branches of UPR signaling (Perk, Ire1 and Atf6)
in Drosophila under normal or stress conditions induced by
TM administration.

A qRT-PCR analysis on control and ReepA−541 third instar
larvae, grown on standard or TM enriched food, was performed.
Our data showed that the expression of Hsc3, the homolog
of Bip/GPR94 chaperon, was significantly increased in control
larvae treated with TM (Figure 3B), in agreement with previous
in vitro studies (Lindström et al., 2016). Intriguingly, untreated
ReepA−541 mutant larvae showed an increase of 1.5 fold in Bip
transcript levels that remained high even after TM treatment
(Figure 3B). The activation of the IRE1 pathway was quantified
by measuring the levels of the unspliced [Xbp1 total (Xbp1 t)]
and IRE1-dependent spliced forms of Xbp1 [Xbp1 spliced (Xbp1
s)]. Our analysis showed that the levels of spliced Xbp1 mRNA
were significantly increased in ReepA−541 mutant and in control
larvae exposed to chronic TM feeding (Figure 3C), supporting
the activation of the IRE1 pathway in absence of ReepA.
Similar data were obtained by analyzing the Atf6 pathway.

Specifically, we found that the Atf6 targets genes Gp93, Herp
and Hrd3 were upregulated in ReepA−541 mutant, mimicking
again the response of control larvae treated with TM (Figure 3D).
Finally, we evaluated the activation of the Perk pathway by
quantifying the expression levels of Atf4, but no statistically
significant changes were observed in ReepA−541 mutant nor
in TM treated larvae (Figure 3E). We then considered the
expression levels of Lactate Dehydrogenase (Ldh), a marker of ER
stress activation in Drosophila, mediated by Atf4 (Lee et al., 2015).
Our results showed that Ldh expression was strongly increased in
control and ReepA−541 mutant larvae fed with TM (3 and 2.5
folds as compared to untreated control, respectively), but was
decreased in ReepA−541 mutant untreated larvae (Figure 3E),
suggesting that loss of ReepA does not trigger Perk activation. We
further confirmed our findings by measuring the phosphorylated
eIF2α protein levels, which were upregulated in TM chronic
feeding flies but not in the ReepA loss–of-function background
(Figures 4A,B). Thus, our results demonstrate a selective role of
ReepA in both Atf6 and Ire1 pathway regulation.

Defects of ReepA−541 Mutant Are
Rescued by Naringenin Administration
Naringenin (4′,5,7-trihydroxy flavanone) is a flavonoid that
exerts antioxidant activity, triggering the antioxidant system,
and it is demonstrated to protect cells from ER stress (Panche
et al., 2016; Tang et al., 2017; Salehi et al., 2019). Moreover,
like other natural compounds, naringenin has gained attention
in the last year as a phytochemical with neuroprotective effects.
Several studies described its effects and its ability to inhibit

FIGURE 4 | Phosphorylated eIF2α protein expression in ReepA−541 mutant and control adults. (A) Western blots showing the phosphorylated eIF2α and α-Tubulin
(used as the loading control) protein levels in control (ReepA+C591/ReepA+C591) and ReepA−541 mutant (ReepA−541/ReepA−541) raised on standard and TM
0.024 mM enriched food. (B) eIF2α western blot band quantification. Phosphorylated eIF2α levels were quantified, normalized on α-Tubulin levels and expressed as
percent increase versus control. Significance was calculated by using one way ANOVA test with Tukey’s post hoc test ∗∗∗P < 0.001. The bars indicate s.e.m., n = 3.
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neuro-apoptosis, ameliorate cognitive impairment in different
rodent models of neurodegenerative disorders, reduce oxidative
stress improving mitochondrial dysfunction in neurons, support
dopaminergic neurons and protect from neuroinflammation
(Khan et al., 2012; Hsu et al., 2014; Manchope et al., 2017; Wang
et al., 2017, 2019; Akang et al., 2019).

One of the stumbling blocks when naringenin or
other flavonoids were administrated, is the relatively low
bioavailability that could be ameliorated by the complexation
with hydroxylpropyl-β-cyclodextrin as described by different
groups (Shulman et al., 2011).

Therefore, we focused our experiments on testing the effects
of naringenin on ReepA−541 mutant-associated phenotypes,
administrating the flavonoid at the concentration of 0.5 mM

after its complexation with hydroxylpropyl-β-cyclodextrin. This
concentration was chosen based on a previous report that
claims a beneficial effect of naringenin in the range between
0.2 and 0.6 mM in Drosophila (Chattopadhyay et al., 2016).
We conducted a pilot test using different concentrations
of naringenin, on ReepA−541 mutant and quantified the
expression levels of Bip transcript (Supplementary Figure 5).
The minimum concentration with rescue effect, 0.5 mM,
was used to analyze the effects of the flavonoid on ReepA-
linked phenotypes. Larvae were grown in naringenin and the
expression levels of the genes involved in UPR response were
analyzed. Administration of naringenin completely rescued
Bip, Xbp1 s, Gp93, Hrd3, Herp, and Ldh expression levels
in ReepA−541 mutant (Figure 5). Of note, as shown in

FIGURE 5 | Naringenin restores the expression levels of the genes involved in Ire1/Xbp1, Atf6 and Perk-Atf4 pathways in ReepA−541 mutant. Relative mRNA levels
of Bip (A), Xbp1 t and Xbp1 s (B), Gp93, Hrd3, and Herp (C), Ldh and Atf4 (D) in control (ReepA+C591/ReepA+C591) and ReepA−541 mutant
(ReepA−541/ReepA−541) larvae raised on NAR 0.5 mM enriched or standard food. Significance was calculated by using one-way ANOVA with Tukey’s post hoc test.
∗∗P < 0.01; ∗∗∗P < 0.001. The bars indicate s.e.m., n = 5.
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Figure 5, control larvae treated with the flavonoid displayed
a transcription profile of UPR genes similar to that of the
untreated control. We also analyzed the effect of naringenin
on ER morphology and we found that the treatment was able
to significantly restore the increased cisterna-like structures
phenotype caused by the loss of ReepA (Figure 6). Analogously
to what observed for UPR genes, naringenin did not affect
ER morphology of control animals. We finally evaluated if the
flavonoid was able to restore the ReepA−541 mutant related
age and climbing phenotypes (Figure 7). The analysis of
the average lifespan revealed a significant positive effect (but
not total) of naringenin on ReepA mutant flies (Figure 7A,
and Supplementary Figure 6). In this case, naringenin also

affects the longevity of control flies. We then investigated the
flavonoid effect on the climbing activity. Our data showed that,
after naringenin administration, ReepA−541 flies almost totally
recovered their moving deficits (Figure 7B). Thus, naringenin
reverted the cellular (ER morphology and UPR activation),
age and locomotor associated phenotypes induced by ReepA
loss of function.

Overall, our in vivo findings further confirm that ER
structure and function are crucial in HSP neurodegeneration.
Additionally, our results suggest that naringenin exerts beneficial
effects in Drosophila ReepA HSP disease model and enlists
a new compound to the future pharmacological therapy
implementation in HSP disorders.

FIGURE 6 | Naringenin rescues ReepA−541 mutant ER morphology defects. (A) Representative confocal images of muscle 6/7 of abdominal segment A3 of control
(ReepA+C591/ReepA+C591; Tubulin-Gal4/UAS HNEU-GFP) and ReepA−541 mutant (ReepA−541/ReepA−541; Tubulin-Gal4/UAS HNEU-GFP) third instar larvae
expressing ubiquitously UAS HNEU-GFP raised on standard or NAR 0.5 mM enriched food. Scale bar = 10 µm. Quantification of cisterna-like structures number (B)
and size (C) of ER- marker HNEU-GFP. Significance was calculated by using one-way ANOVA with Tukey’s post hoc test. ∗∗∗P < 0.001. The bars indicate s.e.m.,
n = 10 larvae.
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FIGURE 7 | Naringenin ameliorates ReepA−541 flies’ lifespan and climbing
activity. (A) Lifespan in control (ReepA+C591/ReepA+C591) and ReepA−541

mutant (ReepA−541/ReepA−541) raised on NAR 0.5 mM enriched or standard
food. Significance was calculated using log-rank Mantel–Cox test. P-value:
∗P < 0.05 (ReepA−541 mutant NAR vs. ReepA−541 mutant), P-value:
∗∗∗P < 0.001 (ReepA−541 mutant vs. control), n = 10 (30 flies for each vial).
(B) Climbing activity in control (ReepA+C591/ReepA+C591) and ReepA−541

mutant (ReepA−541/ReepA−541) raised on NAR 0.5 mM enriched or standard
food and tested at 0, 5, 10, 15, 20, 25, 30, and 35 days. Significance was
calculated using one-way ANOVA with Tukey’s post hoc test. P-value:
∗P < 0.05 (ReepA−541 mutant NAR vs. ReepA−541 mutant), ∗P < 0.05
(ReepA−541 mutant vs. control). The bars indicate s.e.m., n = 10 (20 flies for
each vial).

DISCUSSION

To date, 56 disease-causing variants in REEP1, have been
reported. HSP-associated REEP1 mutations are predominantly
truncating mutations that have been proposed to act by a
haploinsufficiency loss-of-function mechanism (Züchner et al.,
2006; Beetz et al., 2008; Schlang et al., 2008; Goizet et al., 2011;
Richard et al., 2017). In this study, we explored the role of
ReepA in ER homeostasis by investigating the consequences of
its loss. Our data showed a functional link between the absence
of ReepA and the corresponding activation of two specific
branches of the UPR pathway: Ire1 and Atf6. Moreover, we found
a morphological adaptation of ER in loss-of-function ReepA

animals characterized by the increase of ER membrane sheet-
like structures. In parallel to these intracellular alterations, we
reported reduced lifespan and deficits of locomotor activity of the
mutant flies. The function of REEP homologs in cellular stress
has been previously investigated by different groups: HVA22, the
plant homolog gene of REEP1, is required to counteract stressful
situations by inhibiting the activation of programed cell death
in plants (Chen et al., 2002); Drosophila ReepA downregulation
enhances Tau aggregates, whereas its overexpression results
protective, suggesting that ReepA is required to confer stress
resistance against the accumulation of unfolded proteins induced
by TM (Appocher et al., 2014); DNA damage in human cells
triggers tubular ER extension via the p53-mediated expression
of REEP1/2 and EI24, and this facilitates contacts between ER
and mitochondria (Zheng et al., 2018). All these reports support
the role of REEPs in response to stressors, but the molecular
mechanism remains still to be elucidated. In our work, we
analyzed the activation of the three main pathways involved
in UPR response and showed a peculiar selective induction of
Atf6 and Ire1 in the absence of ReepA. Moreover, it has been
demonstrated that the activation of Atf6 and Ire1, but not of
Perk signaling, increases the synthesis of phosphatidylcholine,
a key ER lipid, and induces ER expansion (Chiang et al., 2012;
McQuiston and Diehl, 2017). When a constitutively active form
of ATF6α or Xbp1 is expressed in cultured cells, the ER appears
enlarged and distended. On the contrary, PERK pathway has
not been implicated in ER biogenesis. The selective activation
of Atf6 and Ire1, but not of Perk, in ReepA−541 mutant and
the concomitant morphological ER aberrations suggest a specific
role of ReepA in controlling ER homeostasis. Modulation of
UPR after the disruption of optimal membrane rearrangements
has already been reported: in Drosophila, downregulation of the
ER-shaping protein Rtln1, causes partial loss of tubular ER and
a significant increase of the ER stress response in epidermal
cells and neurons (O’Sullivan et al., 2012); the expression of
RTN3, a specific receptor for the degradation of ER tubules, is
upregulated by ER stress and its loss is associated to attenuated
basal ER stress (Chen et al., 2011; Grumati et al., 2017); the
Arabidopsis mutants of RHD3, an ER-shaping GTPase, which
have long unbranched ER tubular structures, lack the ability to
invoke UPR interfering with IRE1 function (Lai et al., 2014).
Although the mechanism by which these ER-shaping proteins
regulate UPR is not clear, a link between tubular ER structure
and ER stress exists. Indeed, recent findings indicate that the
UPR can be directly activated by altering ER lipid composition
(Hapala et al., 2011; Volmer et al., 2013; Halbleib et al., 2017).
UPR activation is observed in yeast lacking the enzymes required
for the biosynthesis of triacylglycerol and sterol esters, and is thus
devoid of LDs. Reep1−/− mice that present ER sheet expansion
showed an impairment of LDs and lipoatrophy, with significantly
decreased visceral fat (Park et al., 2010; Beetz et al., 2013; Falk
et al., 2014; Lim et al., 2015; Renvoisé et al., 2016).

Furthermore, we found that loss of ReepA resulted in a decline
in motor ability and a reduction of the lifespan. A previous report,
in which another ReepA mutant was described, showed no aging
phenotypes in absence of stress, but a drastic reduction of lifespan
was seen under stress conditions (Appocher et al., 2014). The
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discrepancy in this finding could be due to the different fly
models used; however, we were not able to obtain the same
mutant line to repeat the experiments and compare the data.
In our work, climbing test and lifespan analysis were carried
out in parallel in a Spastin Drosophila model as indicated (Orso
et al., 2005; Julien et al., 2016) to compare the results and
the methodology (not shown). Based on the outcome, we feel
confident that the experimental conditions and methodology
were performed correctly.

Finally, we explored the pharmacological effects of naringenin
on ReepA Drosophila model. Besides the efficacy of naringenin
in pathological models of liver diseases, obesity, and diabetes, an
interesting role of naringenin is emerged in the last years relating
to neurological disorders. The protective effects of naringenin
in cellular and animal Parkinson’s models are demonstrated by
its ability to restore dopaminergic function, neuro-inflammation
and locomotor deficit (Khan et al., 2012; Hegazy et al., 2016;
Wang et al., 2019). Naringenin protects motor neuron against
methylglyoxal-induced neurotoxicity in vitro (Lo et al., 2017).
The relatively recent interest in the molecule, the reduced data on
pharmacokinetic and metabolic aspects, as well as the chemical
instability of this compound have prevented the development of
clinical trials activity, at least for now. The increasing attention
to naringenin, in fact, has stimulated the researchers to work on
delivering systems (Joshi et al., 2018). In this study, we tested the
effects of naringenin after the complexation with β-cyclodextrin,
an FDA approved excipient that enhances its solubility and
increases the absorption rate, as previously reported (Sangpheak
et al., 2015; Salehi et al., 2019).

The phenotypes of ReepA loss-of-function model reported
in this work were greatly ameliorated by administration of
naringenin that rescues not only the phenotypes at molecular
and cellular levels, but also restores the climbing behavior
as well as ameliorates flies’ lifespan. Overall, our in vivo
data strongly support the beneficial effects of the natural
compound naringenin and open the way for future studies
devoted to pharmacotherapy in HSP. We propose a possible
protective role of naringenin in HSP neurodegeneration and,
therefore, the testing of this compound in additional HSP
models. Naringenin inhibits the ER stress in several pathological
models. The mechanism by which naringenin acts is poorly
understood but most of the studies support the notion
that naringenin influences the cellular antioxidant balance
through its own chemical structure and by inducing the cell
antioxidant system: activating nuclear factor-erythroid 2-related
factor 2 (Nrf2) pathway, upregulating superoxide dismutase,
catalase, glutathione peroxidase and glutathione transferase and
decreasing the expression of miR-17-3 (Song et al., 2016; Curti
et al., 2017; de Oliveira et al., 2017; Tang et al., 2017; Wang et al.,

2017, 2019). Naringenin has also the capacity to accumulate in
the membrane hydrophobic core, decreasing membrane fluidity
in a concentration-dependent manner, and therefore to reduce
the interaction between free radical and lipids, blocking lipid
peroxidation (Arora et al., 2000).

In this light, future studies of naringenin targets, mechanisms,
dosage, and delivering routes could be beneficial also for other
disorders that share metabolic and oxidative stress activation,
such as amyotrophic lateral sclerosis, myoclonic epilepsy, ataxia,
and muscular dystrophy, for which pharmacological treatments
are still not available (Fischer et al., 2007; Crimella et al., 2011;
Joardar et al., 2015; Wang, 2016).

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

BN, SG, and GO conceived and designed the experiments. BN,
SG, AF, MF, CD, EP, and CV performed the experiments. BN,
SG, AF, CD, EP, CV, and GO analyzed the data. GO contributed
to reagents, materials, and analysis tools. BN, SG, and GO
wrote the manuscript.

FUNDING

This work has been supported by grants from the Italian Ministry
of Health (Ricerca Corrente 2018 - 2019) and PRIDJ 18_01
(University of Padova). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation
of the manuscript.

ACKNOWLEDGMENTS

The manuscript is part of the Ph.D. thesis of BN
(Napoli, unpublished).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2019.01202/full#supplementary-material

REFERENCES
Akang, E. N., Dosumu, O. O., Afolayan, O. O., Fagoroye, A. M., Osiagwu,

D. D., Usman, I. T., et al. (2019). Combination antiretroviral therapy
(cART)-induced hippocampal disorders: highlights on therapeutic potential of
Naringenin and Quercetin. IBRO Rep. 6, 137–146. doi: 10.1016/J.IBROR.2019.
04.002

Appocher, C., Klima, R., and Feiguin, F. (2014). Functional screening in Drosophila
reveals the conserved role of REEP1 in promoting stress resistance and
preventing the formation of Tau aggregates. Hum. Mol. Genet. 23, 6762–6772.
doi: 10.1093/hmg/ddu393

Arora, A., Byrem, T. M., Nair, M. G., and Strasburg, G. M. (2000). Modulation of
liposomal membrane fluidity by flavonoids and isoflavonoids. Arch. Biochem.
Biophys. 373, 102–109. doi: 10.1006/abbi.1999.1525

Frontiers in Neuroscience | www.frontiersin.org 12 November 2019 | Volume 13 | Article 1202

https://www.frontiersin.org/articles/10.3389/fnins.2019.01202/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2019.01202/full#supplementary-material
https://doi.org/10.1016/J.IBROR.2019.04.002
https://doi.org/10.1016/J.IBROR.2019.04.002
https://doi.org/10.1093/hmg/ddu393
https://doi.org/10.1006/abbi.1999.1525
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01202 November 16, 2019 Time: 13:6 # 13

Napoli et al. Naringenin Rescues ReepA Mutant Phenotypes

Beetz, C., Koch, N., Khundadze, M., Zimmer, G., Nietzsche, S., Hertel, N.,
et al. (2013). A spastic paraplegia mouse model reveals REEP1-dependent ER
shaping. J. Clin. Invest. 124, 4273–4282. doi: 10.1172/JCI76634

Beetz, C., Schüle, R., Deconinck, T., Tran-Viet, K.-N., Zhu, H., Kremer, B. P. H.,
et al. (2008). REEP1 mutation spectrum and genotype/phenotype correlation
in hereditary spastic paraplegia type 31. Brain 131, 1078. doi: 10.1093/BRAIN/
AWN026

Belzil, V. V., and Rouleau, G. A. (2012). Endoplasmic reticulum lipid rafts and
upper motor neuron degeneration. Ann. Neurol. 72, 479–480. doi: 10.1002/ana.
23678

Björk, S., Hurt, C. M., Ho, V. K., and Angelotti, T. (2013). REEPs are membrane
shaping adapter proteins that modulate specific g protein-coupled receptor
trafficking by affecting ER cargo capacity. PLoS One 8:e76366. doi: 10.1371/
journal.pone.0076366

Calfon, M., Zeng, H., Urano, F., Till, J. H., Hubbard, S. R., Harding, H. P., et al.
(2002). IRE1 couples endoplasmic reticulum load to secretory capacity by
processing the XBP-1 mRNA. Nature 415, 92–96. doi: 10.1038/415092a

Caputi, V., Marsilio, I., Cerantola, S., Roozfarakh, M., Lante, I., Galuppini, F.,
et al. (2017). Toll-like receptor 4 modulates small intestine neuromuscular
function through nitrergic and purinergic pathways. Front. Pharmacol. 8:350.
doi: 10.3389/fphar.2017.00350

Castellani, G., Paliuri, G., Orso, G., Paccagnella, N., D’Amore, C., Facci, L., et al.
(2016). An intracellular adrenomedullin system reduces IL-6 release via a
NF-kB-mediated, cAMP-independent transcriptional mechanism in rat thymic
epithelial cells. Cytokine 88, 136–143. doi: 10.1016/j.cyto.2016.09.003

Chattopadhyay, D., Sen, S., Chatterjee, R., Roy, D., James, J., and Thirumurugan,
K. (2016). Context- and dose-dependent modulatory effects of naringenin
on survival and development of Drosophila melanogaster. Biogerontology 17,
383–393. doi: 10.1007/s10522-015-9624-6

Chen, C.-N., Chu, C.-C., Zentella, R., Pan, S.-M., and David Ho, T.-H. (2002).
AtHVA22 gene family in Arabidopsis: phylogenetic relationship, ABA and stress
regulation, and tissue-specific expression. Plant Mol. Biol. 49, 631–642. doi:
10.1023/A:1015593715144

Chen, R., Jin, R., Wu, L., Ye, X., Yang, Y., Luo, K., et al. (2011). Reticulon 3
attenuates the clearance of cytosolic prion aggregates via inhibiting autophagy.
Autophagy 7, 205–216. doi: 10.4161/auto.7.2.14197

Chen, S., Novick, P., and Ferro-Novick, S. (2013). ER structure and function. Curr.
Opin. Cell Biol. 25, 428–433. doi: 10.1016/j.ceb.2013.02.006

Chiang, W.-C., Hiramatsu, N., Messah, C., Kroeger, H., and Lin, J. H. (2012).
Selective activation of ATF6 and PERK endoplasmic reticulum stress signaling
pathways prevent mutant rhodopsin accumulation. Invest. Opthalmol. Vis. Sci.
53, 7159–7166. doi: 10.1167/iovs.12-10222

Credle, J. J., Finer-Moore, J. S., Papa, F. R., Stroud, R. M., and Walter, P. (2005). On
the mechanism of sensing unfolded protein in the endoplasmic reticulum. Proc.
Natl. Acad. Sci. U.S.A. 102, 18773–18784. doi: 10.1073/pnas.0509487102

Crimella, C., Cantoni, O., Guidarelli, A., Vantaggiato, C., Martinuzzi, A., Fiorani,
M., et al. (2011). A novel nonsense mutation in the APTX gene associated
with delayed DNA single-strand break removal fails to enhance sensitivity to
different genotoxic agents. Hum. Mutat. 32, E2118–E2133. doi: 10.1002/humu.
21464

Curti, V., Di Lorenzo, A., Rossi, D., Martino, E., Capelli, E., Collina, S., et al.
(2017). Enantioselective modulatory effects of naringenin enantiomers on the
expression levels of miR-17-3p involved in endogenous antioxidant defenses.
Nutrients 9:215. doi: 10.3390/nu9030215

D’Amore, C., Orso, G., Fusi, F., Pagano, M. A., Miotto, G., Forgiarini, A., et al.
(2016). An NBD derivative of the selective rat toxicant norbormide as a new
probe for living cell imaging. Front. Pharmacol. 7:315. doi: 10.3389/fphar.2016.
00315

De Craene, J.-O., Coleman, J., Estrada de Martin, P., Pypaert, M., Anderson,
S., Yates, J. R., et al. (2006). Rtn1p is involved in structuring the cortical
endoplasmic reticulum. Mol. Biol. Cell 17, 3009–3020. doi: 10.1091/mbc.E06-
01-0080

de Oliveira, M. R., Brasil, F. B., and Andrade, C. M. B. (2017). Naringenin
attenuates H2O2-induced mitochondrial dysfunction by an Nrf2-dependent
mechanism in SH-SY5Y cells. Neurochem. Res. 42, 3341–3350. doi: 10.1007/
s11064-017-2376-8

Di Francesco, L., Dovizio, M., Trenti, A., Marcantoni, E., Moore, A., O’Gaora,
P., et al. (2015). Dysregulated post-transcriptional control of COX-2 gene

expression in gestational diabetic endothelial cells. Br. J. Pharmacol. 172,
4575–4587. doi: 10.1111/bph.13241

Evans, K., Keller, C., Pavur, K., Glasgow, K., Conn, B., and Lauring, B. (2006).
Interaction of two hereditary spastic paraplegia gene products, spastin and
atlastin, suggests a common pathway for axonal maintenance. Proc. Natl. Acad.
Sci. U.S.A. 103, 10666–10671. doi: 10.1073/pnas.0510863103

Falk, J., Rohde, M., Bekhite, M. M., Neugebauer, S., Hemmerich, P., Kiehntopf, M.,
et al. (2014). Functional mutation analysis provides evidence for a role of REEP1
in lipid droplet biology. Hum. Mutat. 35, 497–504. doi: 10.1002/humu.22521

Fantin, M., Garelli, F., Napoli, B., Forgiarini, A., Gumeni, S., De Martin, S.,
et al. (2019). Flavonoids regulate lipid droplets biogenesis in Drosophila
melanogaster. Nat. Prod. Commun. 14:1934578X1985243. doi: 10.1177/
1934578X19852430

Fischer, J., Lefèvre, C., Morava, E., Mussini, J.-M., Laforêt, P., Negre-Salvayre,
A., et al. (2007). The gene encoding adipose triglyceride lipase (PNPLA2) is
mutated in neutral lipid storage disease with myopathy. Nat. Genet. 39, 28–30.
doi: 10.1038/ng1951

Floreani, M., Gabbia, D., Barbierato, M., De Martin, S., and Palatini, P. (2012).
Differential inducing effect of benzo[a]pyrene on gene expression and enzyme
activity of cytochromes P450 1A1 and 1A2 in Sprague-Dawley and Wistar
rats. Drug Metab. Pharmacokinet. 27, 640–652. doi: 10.2133/dmpk.dmpk-12-
rg-035

Forgiarini, A., Wang, Z., D’Amore, C., Jay-Smith, M., Li, F. F., Hopkins, B.,
et al. (2019). Live applications of norbormide-based fluorescent probes in
Drosophila melanogaster. PLoS One 14:e0211169. doi: 10.1371/journal.pone.021
1169

Frescas, D., Mavrakis, M., Lorenz, H., DeLotto, R., and Lippincott-Schwartz, J.
(2006). The secretory membrane system in the Drosophila syncytial blastoderm
embryo exists as functionally compartmentalized units around individual
nuclei. J. Cell Biol. 173, 219–230. doi: 10.1083/jcb.200601156

Gao, K., Henning, S. M., Niu, Y., Youssefian, A. A., Seeram, N. P., Xu, A., et al.
(2006). The citrus flavonoid naringenin stimulates DNA repair in prostate
cancer cells. J. Nutr. Biochem. 17, 89–95. doi: 10.1016/j.jnutbio.2005.05.009

Goizet, C., Depienne, C., Benard, G., Boukhris, A., Mundwiller, E., Solé, G.,
et al. (2011). REEP1 mutations in SPG31: frequency, mutational spectrum,
and potential association with mitochondrial morpho-functional dysfunction.
Hum. Mutat. 32, 1118–1127. doi: 10.1002/humu.21542

Goyal, U., and Blackstone, C. (2013). Untangling the web: mechanisms underlying
ER network formation. Biochim. Biophys. Acta 1833, 2492–2498. doi: 10.1016/j.
bbamcr.2013.04.009

Griffing, L. R. (2018). “Dancing with the Stars: using image analysis to study the
choreography of the endoplasmic reticulum and its partners and of movement
within its tubules,” in The Plant Endoplasmic Reticulum. Methods in Molecular
Biology, Vol. 1691, eds C. Hawes, and V. Kriechbaumer, (New York, NY:
Humana Press), 75–102. doi: 10.1007/978-1-4939-7389-7_7

Grumati, P., Morozzi, G., Hölper, S., Mari, M., Harwardt, M.-L. I., Yan, R., et al.
(2017). Full length RTN3 regulates turnover of tubular endoplasmic reticulum
via selective autophagy. eLife 6:e25555. doi: 10.7554/eLife.25555

Gumeni, S., Evangelakou, Z., Gorgoulis, V. G., and Trougakos, I. P. (2017).
Proteome stability as a key factor of genome integrity. Int. J. Mol. Sci. 18:E2036.
doi: 10.3390/ijms18102036

Halbleib, K., Pesek, K., Covino, R., Hofbauer, H. F., Wunnicke, D., Hänelt, I., et al.
(2017). Activation of the unfolded protein response by lipid bilayer stress. Mol.
Cell 67, 673–684.e8. doi: 10.1016/J.MOLCEL.2017.06.012

Hapala, I., Marza, E., and Ferreira, T. (2011). Is fat so bad? Modulation of
endoplasmic reticulum stress by lipid droplet formation. Biol. Cell 103, 271–285.
doi: 10.1042/BC20100144

Hegazy, H. G., Ali, E. H. A., and Sabry, H. A. (2016). The neuroprotective action
of naringenin on oseltamivir (Tamiflu) treated male rats. J. Basic Appl. Zool. 77,
83–90. doi: 10.1016/j.jobaz.2016.12.006

Hetz, C. (2012). The unfolded protein response: controlling cell fate decisions
under ER stress and beyond. Nat. Rev. Mol. Cell Biol. 13, 89–102. doi: 10.1038/
nrm3270

Hsu, H.-T., Tseng, Y.-T., Lo, Y.-C., and Wu, S.-N. (2014). Ability of naringenin,
a bioflavonoid, to activate M-type potassium current in motor neuron-like
cells and to increase BKCa-channel activity in HEK293T cells transfected
with α-hSlo subunit. BMC Neurosci. 15:135. doi: 10.1186/s12868-014-
0135-1

Frontiers in Neuroscience | www.frontiersin.org 13 November 2019 | Volume 13 | Article 1202

https://doi.org/10.1172/JCI76634
https://doi.org/10.1093/BRAIN/AWN026
https://doi.org/10.1093/BRAIN/AWN026
https://doi.org/10.1002/ana.23678
https://doi.org/10.1002/ana.23678
https://doi.org/10.1371/journal.pone.0076366
https://doi.org/10.1371/journal.pone.0076366
https://doi.org/10.1038/415092a
https://doi.org/10.3389/fphar.2017.00350
https://doi.org/10.1016/j.cyto.2016.09.003
https://doi.org/10.1007/s10522-015-9624-6
https://doi.org/10.1023/A:1015593715144
https://doi.org/10.1023/A:1015593715144
https://doi.org/10.4161/auto.7.2.14197
https://doi.org/10.1016/j.ceb.2013.02.006
https://doi.org/10.1167/iovs.12-10222
https://doi.org/10.1073/pnas.0509487102
https://doi.org/10.1002/humu.21464
https://doi.org/10.1002/humu.21464
https://doi.org/10.3390/nu9030215
https://doi.org/10.3389/fphar.2016.00315
https://doi.org/10.3389/fphar.2016.00315
https://doi.org/10.1091/mbc.E06-01-0080
https://doi.org/10.1091/mbc.E06-01-0080
https://doi.org/10.1007/s11064-017-2376-8
https://doi.org/10.1007/s11064-017-2376-8
https://doi.org/10.1111/bph.13241
https://doi.org/10.1073/pnas.0510863103
https://doi.org/10.1002/humu.22521
https://doi.org/10.1177/1934578X19852430
https://doi.org/10.1177/1934578X19852430
https://doi.org/10.1038/ng1951
https://doi.org/10.2133/dmpk.dmpk-12-rg-035
https://doi.org/10.2133/dmpk.dmpk-12-rg-035
https://doi.org/10.1371/journal.pone.0211169
https://doi.org/10.1371/journal.pone.0211169
https://doi.org/10.1083/jcb.200601156
https://doi.org/10.1016/j.jnutbio.2005.05.009
https://doi.org/10.1002/humu.21542
https://doi.org/10.1016/j.bbamcr.2013.04.009
https://doi.org/10.1016/j.bbamcr.2013.04.009
https://doi.org/10.1007/978-1-4939-7389-7_7
https://doi.org/10.7554/eLife.25555
https://doi.org/10.3390/ijms18102036
https://doi.org/10.1016/J.MOLCEL.2017.06.012
https://doi.org/10.1042/BC20100144
https://doi.org/10.1016/j.jobaz.2016.12.006
https://doi.org/10.1038/nrm3270
https://doi.org/10.1038/nrm3270
https://doi.org/10.1186/s12868-014-0135-1
https://doi.org/10.1186/s12868-014-0135-1
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01202 November 16, 2019 Time: 13:6 # 14

Napoli et al. Naringenin Rescues ReepA Mutant Phenotypes

Hu, J., Shibata, Y., Voss, C., Shemesh, T., Li, Z., Coughlin, M., et al. (2008).
Membrane proteins of the endoplasmic reticulum induce high-curvature
tubules. Science 319, 1247–1250. doi: 10.1126/science.1153634

Inagi, R., Ishimoto, Y., and Nangaku, M. (2014). Proteostasis in endoplasmic
reticulum—new mechanisms in kidney disease. Nat. Rev. Nephrol. 10, 369–378.
doi: 10.1038/nrneph.2014.67

Joardar, A., Menzl, J., Podolsky, T. C., Manzo, E., Estes, P. S., Ashford, S., et al.
(2015). PPAR gamma activation is neuroprotective in a Drosophila model of
ALS based on TDP-43. Hum. Mol. Genet. 24, 1741–1754. doi: 10.1093/hmg/
ddu587

Joshi, R., Kulkarni, Y. A., and Wairkar, S. (2018). Pharmacokinetic,
pharmacodynamic and formulations aspects of Naringenin: an update.
Life Sci. 215, 43–56. doi: 10.1016/J.LFS.2018.10.066

Julien, C., Lissouba, A., Madabattula, S., Fardghassemi, Y., Rosenfelt, C.,
Androschuk, A., et al. (2016). Conserved pharmacological rescue of hereditary
spastic paraplegia-related phenotypes across model organisms. Hum. Mol.
Genet. 25, 1088–1099. doi: 10.1093/hmg/ddv632

Kassan, A., Herms, A., Fernández-Vidal, A., Bosch, M., Schieber, N. L., Reddy,
B. J. N., et al. (2013). Acyl-CoA synthetase 3 promotes lipid droplet biogenesis
in ER microdomains. J. Cell Biol. 203, 985–1001. doi: 10.1083/jcb.201305142

Khan, M. B., Khan, M. M., Khan, A., Ahmed, M. E., Ishrat, T., Tabassum,
R., et al. (2012). Naringenin ameliorates Alzheimer’s disease (AD)-type
neurodegeneration with cognitive impairment (AD-TNDCI) caused by the
intracerebroventricular-streptozotocin in rat model. Neurochem. Int. 61, 1081–
1093. doi: 10.1016/j.neuint.2012.07.025

Lai, Y.-S., Stefano, G., and Brandizzi, F. (2014). ER stress signaling requires RHD3,
a functionally conserved ER-shaping GTPase. J. Cell Sci. 127, 3227–3232. doi:
10.1242/jcs.147447

Lee, J. E., Oney, M., Frizzell, K., Phadnis, N., and Hollien, J. (2015). Drosophila
melanogaster activating transcription factor 4 regulates glycolysis during
endoplasmic reticulum stress. G3 5, 667–675. doi: 10.1534/g3.115.017269

Lim, Y., Cho, I.-T., Schoel, L. J., Cho, G., and Golden, J. A. (2015).
Hereditary spastic paraplegia-linked REEP1 modulates endoplasmic
reticulum/mitochondria contacts. Ann. Neurol. 78, 679–696. doi:
10.1002/ana.24488

Lindström, R., Lindholm, P., Kallijärvi, J., Palgi, M., Saarma, M., and Heino, T. I.
(2016). Exploring the conserved role of MANF in the unfolded protein response
in Drosophila melanogaster. PLoS One 11:e0151550. doi: 10.1371/journal.pone.
0151550

Lo, Y. C., Tseng, Y. T., Hsu, H. T., Liu, C. M., and Wu, S. N. (2017). Naringenin
protects motor neuron against methylglyoxal-induced neurotoxicity through
activatinG IGF-1R-related neuroprotection. J. Neurol. Sci. 381, 616–617. doi:
10.1016/j.jns.2017.08.1737

Manchope, M. F., Casagrande, R., and Verri, W. A. Jr. (2017). Naringenin: an
analgesic and anti-inflammatory citrus flavanone. Oncotarget 8, 3766–3767.
doi: 10.18632/oncotarget.14084

Mandl, J., Mészáros, T., Bánhegyi, G., and Csala, M. (2013). Minireview:
endoplasmic reticulum stress: control in protein, lipid, and signal homeostasis.
Mol. Endocrinol. 27, 384–393. doi: 10.1210/me.2012-1317

McQuiston, A., and Diehl, J. A. (2017). Recent insights into PERK-dependent
signaling from the stressed endoplasmic reticulum. F1000Research 6:1897. doi:
10.12688/f1000research.12138.1

Moreno, J. A., and Tiffany-Castiglioni, E. (2015). The chaperone Grp78 in protein
folding disorders of the nervous system. Neurochem. Res. 40, 329–335. doi:
10.1007/s11064-014-1405-0

Mushtaq, Z., Choudhury, S. D., Gangwar, S. K., Orso, G., and Kumar, V. (2016).
Human senataxin modulates structural plasticity of the neuromuscular junction
in drosophila through a neuronally conserved TGFβ signalling pathway.
Neurodegener. Dis. 16, 324–336. doi: 10.1159/000445435

Orso, G., Martinuzzi, A., Rossetto, M. G., Sartori, E., Feany, M., and Daga, A.
(2005). Disease-related phenotypes in a Drosophila model of hereditary spastic
paraplegia are ameliorated by treatment with vinblastine. J. Clin. Invest. 115,
3026–3034. doi: 10.1172/JCI24694

Orso, G., Pendin, D., Liu, S., Tosetto, J., Moss, T. J., Faust, J. E., et al. (2009).
Homotypic fusion of ER membranes requires the dynamin-like GTPase atlastin.
Nature 460, 978–983. doi: 10.1038/nature08280

O’Sullivan, N. C., Jahn, T. R., Reid, E., and O’Kane, C. J. (2012). Reticulon-like-1,
the Drosophila orthologue of the Hereditary Spastic Paraplegia gene reticulon

2, is required for organization of endoplasmic reticulum and of distal motor
axons. Hum. Mol. Genet. 21, 3356–3365. doi: 10.1093/hmg/dds167

Panche, A. N., Diwan, A. D., and Chandra, S. R. (2016). Flavonoids: an overview.
J. Nutr. Sci. 5:e47. doi: 10.1017/jns.2016.41

Park, S. H., Zhu, P.-P., Parker, R. L., and Blackstone, C. (2010). Hereditary spastic
paraplegia proteins REEP1, spastin, and atlastin-1 coordinate microtubule
interactions with the tubular ER network. J. Clin. Invest. 120, 1097–1110. doi:
10.1172/JCI40979

Renvoisé, B., Malone, B., Falgairolle, M., Munasinghe, J., Stadler, J., Sibilla, C.,
et al. (2016). Reep1 null mice reveal a converging role for hereditary spastic
paraplegia proteins in lipid droplet regulation. Hum. Mol. Genet. 25:ddw315.
doi: 10.1093/hmg/ddw315

Richard, S., Lavie, J., Banneau, G., Voirand, N., Lavandier, K., and Debouverie, M.
(2017). Hereditary spastic paraplegia due to a novel mutation of the REEP1
gene: case report and literature review. Medicine 96:e5911. doi: 10.1097/MD.
0000000000005911

Rutkowski, D. T., and Kaufman, R. J. (2007). That which does not kill me makes
me stronger: adapting to chronic ER stress. Trends Biochem. Sci. 32, 469–476.
doi: 10.1016/J.TIBS.2007.09.003

Salehi, B., Fokou, P., Sharifi-Rad, M., Zucca, P., Pezzani, R., Martins, N., et al.
(2019). The therapeutic potential of Naringenin: a review of clinical trials.
Pharmaceuticals 12:11. doi: 10.3390/ph12010011

Sanderson, C. M., Connell, J. W., Edwards, T. L., Bright, N. A., Duley, S.,
Thompson, A., et al. (2006). Spastin and atlastin, two proteins mutated in
autosomal-dominant hereditary spastic paraplegia, are binding partners. Hum.
Mol. Genet. 15, 307–318. doi: 10.1093/hmg/ddi447

Sangpheak, W., Kicuntod, J., Schuster, R., Rungrotmongkol, T., Wolschann, P.,
Kungwan, N., et al. (2015). Physical properties and biological activities of
hesperetin and naringenin in complex with methylated β-cyclodextrin. Beilstein
J. Org. Chem. 11, 2763–2773. doi: 10.3762/bjoc.11.297

Scheper, W., and Hoozemans, J. J. M. (2015). The unfolded protein response in
neurodegenerative diseases: a neuropathological perspective. Acta Neuropathol.
130, 315–331. doi: 10.1007/s00401-015-1462-8

Schlang, K. J., Arning, L., Epplen, J. T., and Stemmler, S. (2008). Autosomal
dominant hereditary spastic paraplegia: novel mutations in the REEP1 gene
(SPG31). BMCMed. Genet. 9:71. doi: 10.1186/1471-2350-9-71

Schuck, S., Prinz, W. A., Thorn, K. S., Voss, C., and Walter, P. (2009).
Membrane expansion alleviates endoplasmic reticulum stress independently
of the unfolded protein response. J. Cell Biol. 187, 525–536. doi: 10.1083/jcb.
200907074

Shulman, M., Cohen, M., Soto-Gutierrez, A., Yagi, H., Wang, H., Goldwasser, J.,
et al. (2011). Enhancement of naringenin bioavailability by complexation with
Hydroxypropoyl-β-Cyclodextrin. PLoS One 6:e18033. doi: 10.1371/journal.
pone.0018033

Shyu, P. Jr., Wong, X. F. A., Crasta, K., and Thibault, G. (2018). Dropping
in on lipid droplets: insights into cellular stress and cancer. Biosci. Rep.
38:BSR20180764. doi: 10.1042/BSR20180764

Song, H. M., Park, G. H., Eo, H. J., and Jeong, J. B. (2016). Naringenin-mediated
ATF3 expression contributes to apoptosis in human colon cancer. Biomol. Ther.
(Seoul). 24, 140–146. doi: 10.4062/biomolther.2015.109

Summerville, J. B., Faust, J. F., Fan, E., Pendin, D., Daga, A., Formella, J., et al.
(2016). The effects of ER morphology on synaptic structure and function in
Drosophila melanogaster. J. Cell Sci. 129, 1635–1648. doi: 10.1242/jcs.184929

Tan, J. S. Y., Seow, C. J. P., Goh, V. J., and Silver, D. L. (2014). Recent advances in
understanding proteins involved in lipid droplet formation, growth and fusion.
J. Genet. Genomics 41, 251–259. doi: 10.1016/j.jgg.2014.03.003

Tang, J.-Y., Jin, P., He, Q., Lu, L.-H., Ma, J.-P., Gao, W.-L., et al. (2017). Naringenin
ameliorates hypoxia/reoxygenation-induced endoplasmic reticulum stress-
mediated apoptosis in H9c2 myocardial cells: involvement in ATF6, IRE1α

and PERK signaling activation. Mol. Cell. Biochem. 424, 111–122. doi: 10.1007/
s11010-016-2848-1

Tsaytler, P., Harding, H. P., Ron, D., and Bertolotti, A. (2011). Selective inhibition
of a regulatory subunit of protein phosphatase 1 restores proteostasis. Science
332, 91–94. doi: 10.1126/science.1201396

Volmer, R., van der Ploeg, K., and Ron, D. (2013). Membrane lipid saturation
activates endoplasmic reticulum unfolded protein response transducers
through their transmembrane domains. Proc. Natl. Acad. Sci. U.S.A. 110,
4628–4633. doi: 10.1073/pnas.1217611110

Frontiers in Neuroscience | www.frontiersin.org 14 November 2019 | Volume 13 | Article 1202

https://doi.org/10.1126/science.1153634
https://doi.org/10.1038/nrneph.2014.67
https://doi.org/10.1093/hmg/ddu587
https://doi.org/10.1093/hmg/ddu587
https://doi.org/10.1016/J.LFS.2018.10.066
https://doi.org/10.1093/hmg/ddv632
https://doi.org/10.1083/jcb.201305142
https://doi.org/10.1016/j.neuint.2012.07.025
https://doi.org/10.1242/jcs.147447
https://doi.org/10.1242/jcs.147447
https://doi.org/10.1534/g3.115.017269
https://doi.org/10.1002/ana.24488
https://doi.org/10.1002/ana.24488
https://doi.org/10.1371/journal.pone.0151550
https://doi.org/10.1371/journal.pone.0151550
https://doi.org/10.1016/j.jns.2017.08.1737
https://doi.org/10.1016/j.jns.2017.08.1737
https://doi.org/10.18632/oncotarget.14084
https://doi.org/10.1210/me.2012-1317
https://doi.org/10.12688/f1000research.12138.1
https://doi.org/10.12688/f1000research.12138.1
https://doi.org/10.1007/s11064-014-1405-0
https://doi.org/10.1007/s11064-014-1405-0
https://doi.org/10.1159/000445435
https://doi.org/10.1172/JCI24694
https://doi.org/10.1038/nature08280
https://doi.org/10.1093/hmg/dds167
https://doi.org/10.1017/jns.2016.41
https://doi.org/10.1172/JCI40979
https://doi.org/10.1172/JCI40979
https://doi.org/10.1093/hmg/ddw315
https://doi.org/10.1097/MD.0000000000005911
https://doi.org/10.1097/MD.0000000000005911
https://doi.org/10.1016/J.TIBS.2007.09.003
https://doi.org/10.3390/ph12010011
https://doi.org/10.1093/hmg/ddi447
https://doi.org/10.3762/bjoc.11.297
https://doi.org/10.1007/s00401-015-1462-8
https://doi.org/10.1186/1471-2350-9-71
https://doi.org/10.1083/jcb.200907074
https://doi.org/10.1083/jcb.200907074
https://doi.org/10.1371/journal.pone.0018033
https://doi.org/10.1371/journal.pone.0018033
https://doi.org/10.1042/BSR20180764
https://doi.org/10.4062/biomolther.2015.109
https://doi.org/10.1242/jcs.184929
https://doi.org/10.1016/j.jgg.2014.03.003
https://doi.org/10.1007/s11010-016-2848-1
https://doi.org/10.1007/s11010-016-2848-1
https://doi.org/10.1126/science.1201396
https://doi.org/10.1073/pnas.1217611110
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01202 November 16, 2019 Time: 13:6 # 15

Napoli et al. Naringenin Rescues ReepA Mutant Phenotypes

Wang, C.-W. (2016). Lipid droplets, lipophagy, and beyond. Biochim. Biophys.
Acta Mol. Cell Biol. Lipids 1861, 793–805. doi: 10.1016/J.BBALIP.2015.
12.010

Wang, G.-Q., Zhang, B., He, X.-M., Li, D.-D., Shi, J.-S., and Zhang, F. (2019).
Naringenin targets on astroglial Nrf2 to support dopaminergic neurons.
Pharmacol. Res. 139, 452–459. doi: 10.1016/j.phrs.2018.11.043

Wang, K., Chen, Z., Huang, L., Meng, B., Zhou, X., Wen, X., et al. (2017).
Naringenin reduces oxidative stress and improves mitochondrial dysfunction
via activation of the Nrf2/ARE signaling pathway in neurons. Int. J. Mol. Med.
40, 1582–1590. doi: 10.3892/ijmm.2017.3134

Wang, N., and Rapoport, T. A. (2019). Reconstituting the reticular ER network –
mechanistic implications and open questions. J. Cell Sci. 132:jcs227611. doi:
10.1242/jcs.227611

Yalçın, B., Zhao, L., Stofanko, M., O’Sullivan, N. C., Kang, Z. H., Roost,
A., et al. (2017). Modeling of axonal endoplasmic reticulum network
by spastic paraplegia proteins. eLife 6:e23882. doi: 10.7554/eLife.
23882

Yoshida, H., Matsui, T., Yamamoto, A., Okada, T., and Mori, K. (2001). XBP1
mRNA is induced by ATF6 and spliced by IRE1 in response to ER stress to
produce a highly active transcription factor. Cell 107, 881–891. doi: 10.1016/
S0092-8674(01)00611-0

Yu, Y., Li, Z., Cao, G., Huang, S., and Yang, H. (2019). Bamboo leaf
flavonoids extracts alleviate oxidative stress in HepG2 cells via naturally
modulating reactive oxygen species production and Nrf2-mediated antioxidant
defense responses. J. Food Sci. 84, 1609–1620. doi: 10.1111/1750-3841.
14609

Zeng, X., Xi, Y., and Jiang, W. (2019). Protective roles of flavonoids and flavonoid-
rich plant extracts against urolithiasis: a review. Crit. Rev. Food Sci. Nutr. 59,
2125–2135. doi: 10.1080/10408398.2018.1439880

Zhang, H., and Tsao, R. (2016). Dietary polyphenols, oxidative stress and
antioxidant and anti-inflammatory effects. Curr. Opin. Food Sci. 8, 33–42. doi:
10.1016/j.cofs.2016.02.002

Zheng, P., Chen, Q., Tian, X., Qian, N., Chai, P., Liu, B., et al. (2018). DNA
damage triggers tubular endoplasmic reticulum extension to promote apoptosis
by facilitating ER-mitochondria signaling. Cell Res 28, 833–854. doi: 10.1038/
s41422-018-0065-z

Züchner, S., Wang, G., Tran-Viet, K.-N., Nance, M. A., Gaskell, P. C., Vance,
J. M., et al. (2006). Mutations in the novel mitochondrial protein REEP1 cause
hereditary spastic paraplegia type 31. Am. J. Hum. Genet. 79, 365–369. doi:
10.1086/505361

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Napoli, Gumeni, Forgiarini, Fantin, De Filippis, Panzeri,
Vantaggiato and Orso. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 15 November 2019 | Volume 13 | Article 1202

https://doi.org/10.1016/J.BBALIP.2015.12.010
https://doi.org/10.1016/J.BBALIP.2015.12.010
https://doi.org/10.1016/j.phrs.2018.11.043
https://doi.org/10.3892/ijmm.2017.3134
https://doi.org/10.1242/jcs.227611
https://doi.org/10.1242/jcs.227611
https://doi.org/10.7554/eLife.23882
https://doi.org/10.7554/eLife.23882
https://doi.org/10.1016/S0092-8674(01)00611-0
https://doi.org/10.1016/S0092-8674(01)00611-0
https://doi.org/10.1111/1750-3841.14609
https://doi.org/10.1111/1750-3841.14609
https://doi.org/10.1080/10408398.2018.1439880
https://doi.org/10.1016/j.cofs.2016.02.002
https://doi.org/10.1016/j.cofs.2016.02.002
https://doi.org/10.1038/s41422-018-0065-z
https://doi.org/10.1038/s41422-018-0065-z
https://doi.org/10.1086/505361
https://doi.org/10.1086/505361
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Naringenin Ameliorates Drosophila ReepA Hereditary Spastic Paraplegia-Linked Phenotypes
	Introduction
	Materials and Methods
	Fly Strains and Materials
	Generation of Constructs/Transgenic Flies
	Drosophila Drug Treatments
	Starvation Assay
	RNA Extraction and Real-Time PCR
	Lifespan Assay
	Climbing Assay
	Western Blotting
	Immunohistochemistry
	Measure of ER Morphology
	Statistical Analysis

	Results
	ReepA Regulates ER Morphology
	ReepA Is Required During Aging and Stress
	ReepA Mutant Flies Triggered a Selective Activation of Atf6 and Ire1 Branches
	Defects of ReepA-541 Mutant Are Rescued by Naringenin Administration

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


